ABSTRACT: Between 2006 and 2010, recurring morbidity and mortality of the endemic Lake Oku clawed frog Xenopus longipes was observed at its only known locality, Lake Oku, Cameroon. During repeated visits in 2006, 2008, 2009 and 2010, we found large numbers of dead frogs around the lake shore, as well as a higher than expected prevalence of diseased frogs. No significant relationships between disease occurrence and environmental parameters were found, with the exception of a significant but unexplained association between phosphate concentration and disease incidence. Tissue samples from X. longipes collected during 3 field seasons were negative for the amphibian chytrid fungus Batrachochytrium dendrobatidis (Bd) using a Bd-specific real-time PCR test, although other species of sympatric amphibians were positive for this pathogen. Only 1 of 48 tissue samples from diseased frogs was positive for ranavirus infection using a ranavirus-specific PCR, suggesting that this pathogen is not necessarily the cause of this disease. No evidence of pathogens was found in tissues examined histologically from 10 X. longipes which had been collected and fixed when freshly dead. The cause(s) of the morbidities and mortalities remain(s) unknown, as does their consequence to the population of this Critically Endangered species. Identifying the causative factor(s) of the X. longipes mortality and its impact on the population is crucial for planning conservation actions. 
INTRODUCTION
Worldwide, amphibian populations are declining, with approximately a third of all known amphibian species threatened with extinction (Stuart et al. 2004 (Stuart et al. , 2008 . Factors associated with this global amphibian decline phenomenon include habitat loss, climate change, infectious disease, overexploitation, pollution and introduced species (as reviewed by Beebee & Griffiths 2005) . Numerous amphibian population declines have been attributed to increased mortality rates following infection with the pathogenic chytrid fungus Batrachochytrium dendrobatidis (Bd; Lips 1999 , Green & Sherman 2001 , Lips et al. 2006 . Re -cently, mortalities due to infection with another emerging infectious disease of amphibians, ranavirus, have also been shown to cause amphibian population declines (Teacher et al. 2010) . When a die-off of an amphibian population is encountered for the first time, it might automatically be assumed that a decline is taking place, but further, often long-term, investigation is needed to determine whether this is the case. The interpretation of investigations into amphibian declines is dependent upon speciesspecific information and requires the teasing apart of causative factors (e.g. distinguishing natural fluctuations from anthropogenic impacts; Pechmann & Wilbur 1994) . Such investigations can be challenging, especially in Africa where many amphibian faunas have been less studied and background data of amphibian population dynamics, habitat requirements and background pathogen presence are lacking (Lawson & Klemens 2001) .
The Lake Oku clawed frog Xenopus longipes (Loumont & Kobel 1991 ) is an entirely aquatic frog which is found only in Lake Oku, a crater lake in North West Region, Cameroon. Due to its restricted range and its vulnerability to stochastic factors or the introduction of fish, this species has been classified as Critically Endangered by the IUCN (Stuart et al. 2008) . In 2006, several independent observers found dead and diseased X. longipes in Lake Oku with consistent signs of limb necrosis or skin ulceration (Figs. 1 & 2) . Such observations had not been made before (i.e. Gartshore 1986 , Loumont & Kobel 1991 , Blackburn et al. 2010 . Other lakes in this region can undergo limnic eruptions that result from sudden releases of gas, which cause human, fish and livestock mortalities (Kling et al. 1987) , and may also have affected frogs in Lake Oku (Blackburn et al. 2010) . Changes to the adjacent forest might also be a factor (i.e. Maisels et al. 2000 , BirdLife International 2009 ). Here, we report the results of investigations to determine the cause and extent of the morbidity and mortality observed and to assess its impact on the X. longipes population.
MATERIALS AND METHODS

Study site
Lake Oku is situated ca. 2220 m a.s.l., below the summit of Mount Oku (3011 m a.s.l.), North West Region, Cameroon. This lake is thought to be volcanic in origin, and covers an area of 243 ha with a maximum depth of 52 m and a mean depth of 32 m (Kling 1988) ; the shoreline is ca. 5.8 km long (estimated using GoogleEarth 2010). A comparably high Secchi depth (10.9 m; Kling 1988) suggests that this lake is oligotrophic, although there are few published studies on the lake's ecology. Lake Oku is located at the centre of the Kilum-Ijim Forest, a protected community forest. The lake and surrounding forest belt are afforded additional protection as a government 'Plantlife Sanctuary'. The forest around the lake is superficially intact, although many of the larger mammals and at least 1 bird species have been locally extirpated (Maisels et al. 2001) . Fuelwood extraction, grazing by livestock and hunting continue to threaten the integrity of the forest (BirdLife International 2009, T. Doherty-Bone, R. K. Ndifon, O. N. Nyingchia pers. obs.). The lake's shore is no more than 1 km from the forest−farmland boundary, where the land is given over to small-holder agriculture. No fish occur in the lake, although discussions with members of the community have indicated a desire by some parties to stock the lake with fish in an attempt to improve protein intake and the local economy (T. Doherty-Bone, R. K. Ndifon, O. N. Nyingchia pers. obs.). Other amphibians that occur around the lake include Astylosternus ranoides, Cardioglossa oreas, Phrynobatrachus cf. steindachneri and P. werneri. The current usage of the lake includes lowlevel tourism as a site of natural beauty, the collection of medicinal plants and for traditional ceremonies by the Oku community. Lake Oku is an important cultural landmark for surrounding communities, especially (but not exclusively) the Oku people, who view the lake as the resting place of their deity, the 'Mawes' (Koloss 2000) . Field work took place at Lake Oku from July to September 2006, October to December 2008 and April to May 2009. An additional, brief visit was made over 3 d from 25 to 27 September 2010. In 2006, only 1 point of the lake's shore was sampled in order to gather preliminary data. In 2008, 3 study sites >1 km apart were established on the lake's shore, and these were revisited in 2009. Local tradition designates abstinence from contact with the lake for 1 d each week on a rolling 8 d cycle. This culture was respected, with no field work being conducted at the lake on such days; the lake was otherwise sampled daily during the periods of field work. In each year, the local community was consulted, and their consent obtained, prior to commencing fieldwork.
To minimise the risk of introducing or transferring pathogens, all footwear and equipment were disinfected using bleach between study sites around the lake and prior to visiting or leaving Lake Oku.
Abundance of healthy and sick frogs
In 2006, frogs were found to be active and abundant during daylight hours. A standardised dip netting survey was designed whereby frogs were captured, marked and recaptured using a net on a ca. 1.2 m pole, with a mouth diameter of ca. 0.25 m and a depth of 0.25 m. Four sampling periods took place at 4 to 7 d intervals over 25 d. Dip netting was conducted between 11:00 and 14:00 h and consisted of spending 30 min netting as many frogs as possible. Specimens were put into a perforated bucket placed in the lake to prevent desiccation and to avoid recapture within the same sampling period. Captured frogs were marked using a toe clip (on the left hind foot) with a different toe clipped on different dates to differentiate the date of capture so as to determine whether individuals were surviving between sampling periods (following Phillott et al. 2007 , Grafe et al. 2011 , Perry et al. 2011 .
In 2008 and 2009, each of the 3 study sites around the lake was sampled alternately for a 3 d period. Xenopus longipes was far less active during daylight hours than had been the case in 2006, so aquatic funnel traps (unbaited) were used to capture frogs overnight. In 2008, frogs were marked using Alcian Blue dye injected with a Polymedical Dermojet ink injector (Schuco International). As the ink injection was judged to be more traumatic to these small frogs than toe-clipping, frogs captured in 2009 were marked by toe-clipping, using only the right hind foot in order to distinguish them from animals captured in 2006. Toe-clipping has now been exhausted for this population as a mark technique. Only opportunistic observations were made in September 2010. For all field seasons, any observations of dead or sick animals, including scarring (such as that caused by ranavirus; Teacher et al. 2010) , both during census work and incidentally were recorded. The number of sick frogs found was noted, as was a description of any obvious lesions or abnormalities. Prevalence observed at each sampling was compared between sample sites and years using Kruskal-Wallis tests. As census techniques differed between 2006 and 2008/09, prevalence between 2008 and 2009 was considered separately using a Mann-Whitney U-test.
Environmental parameters
Rainfall and air temperature were measured daily at base camp ca. 70 m above Lake Oku at 07:00 h from 12 October until 12 November 2008. Wind speed and atmospheric humidity were measured using a thermal hygrometer/ anemometer (Atmos Skywatch ® ). At the lake shore, water quality measurements were taken at 09:00 h daily from 12 October until 12 November 2008 (apart from the days when lake access was forbidden for cultural reasons). Measurements comprised water temperature, conductivity, pH and total dissolved solids and were taken with a Hanna combo meter (model H19129; Hanna Instruments); ammonia from nitrogen, nitrate and phosphate, measured using a portable photometer (Kittiwake SMART II model; Kittiwake Developments); dissolved oxygen, measured using Winkler titrations (Jones et al. 2006) ; and dissolved carbon dioxide, measured using the titrimetric method (Chapman 1996) . The measured parameters were compared amongst the different study sites around the lake (using either 1-way ANOVA or KruskalWallis tests, depending on the normality of data based on a Kolmogorov-Smirnov test).
Associations between daily numbers of observed sick frogs, prevalence of sick frogs and environmental parameters in all study sites were measured individually using bivariate regression analyses. This was restricted to data collected in 2008 when all variables were measured simultaneously. For 1 nutrient (phosphate), an outlier occurred in the regression. As this might have been attributed to an error in the measurement by the photometer, regression analysis both with and without the outlier were considered. Environmental parameters that showed a relationship with actual numbers or prevalence of diseased frogs were subjected to post hoc tests to determine cause and effect. This involved leaving 2 recently discovered dead frogs in each of 3 buckets of water (1.5 l) sourced from Lake Oku, plus 1 additional bucket without dead frogs as a control, for 12 h. After this, the given parameter was measured using the methods described above.
Disease investigations
Forty-nine toe-clips from marked Xenopus longipes and 25 toe-clips from dead or morbid frogs, all collected in 2006, were fixed in 95% ethanol in individual Eppendorf microcentrifuge tubes. DNA was extracted from each toe-clip and examined for the presence of Bd DNA using real-time quantitative PCR following the protocol of Boyle et al. (2004) .
Eleven of these toe-clips were also examined with 10 liver samples from 2008 for the presence of ranavirus DNA using the PCR methods for the major capsid protein of the ranavirus as per Pearman et al. (2004) . All primers were sourced from MWG Eurofins Operon (Ebersberg, Germany). PCR reagents were components of the Multiplex PCR kits (Qiagen). All samples were screened twice to ensure the repeatability and accuracy of the results. Since the results of most of the screens were ambiguous, presumably because of the bead-beater extractions used initially for Bd screening (which, being intended for fungal cell walls, might have damaged viral DNA), the following additional steps were taken. A 50 µl PCR reaction was run out on a gel and extracted using Qiagen Gel Extraction kits. The DNA that was extracted from the gel at the 500 bp level was again amplified by the PCR methods provided by Pearman et al. (2004) . A portion of the PCR products were run out on a gel to determine the presence of a band at the 500 bp level which is diagnostic of the presence of ranavirus DNA in the sample. The rest of the samples were sent to be sequenced with the same ranavirus-specific primers. However, due to the low concentration of DNA in the post-gel extraction PCR products, attempts to sequence the DNA present were unsuccessful. A further 27 liver and skin tissue samples (22 from 2008, 5 from 2009, including 2 Phrynobatrachus cf. steindachneri found sick or dead) had DNA extracted using a Biosprint 15 DNA Blood Kit (Qiagen) according to the manufacturer's instructions, and were subjected to PCR assay for ranavirus as described above. To assess whether a different iridiovirus was present, these 27 samples were also subjected to a standard PCR assay for an additional locus (the CARD gene; Ridenhour & Storfer 2008) .
In 2008, 39 apparently healthy Xenopus longipes, collected to initiate a captive assurance colony, were skin-swabbed using MW100 sterile rayon-tipped swabs (Medical Wire & Equipment) to determine whether they were infected with Bd. Similarly, the skin of other amphibian species incidentally found or trapped in the immediate locality of Lake Oku was swabbed for the detection of Bd infection. Samples were examined for the presence of Bd DNA using real-time PCR, as described above (see DohertyBone et al. 2013 for further details).
In 2008 All preserved frogs were dissected and their sex determined, and the number of diseased males and females per sample was compared using a Mann-Whitney U-test. The skin of the alcohol-fixed animals was sampled in the laboratory for the presence of Bd infection using inter-dental brushes, following the methods of Soto-Azat et al. (2009) . Ten of the specimens collected in 2008 were systematically dissected and their tissues examined grossly for abnormalities. Limbs affected with areas of necrosis and a section of liver were taken from each of these 10 animals and processed for histological examination using routine methods.
RESULTS
Abundance of healthy and sick frogs
The abundance of Xenopus longipes and the numbers of sick and dead X. longipes individuals collected during each study visit are presented in Table 1 . Diseased animals exhibited abnormal behaviours, such as lethargy, and/or presented with obvious limb or skin lesions, characterised by skin ulceration and limb tissue necrosis, which was often extensive (Fig. 2) . No scarring was observed in any of the animals captured. A description of each diseased specimen examined from 2008 to 2009 is presented in Table 2 .
Over a 42 d period in 2006, 797 Xenopus longipes were netted, of which 14 were diseased (showed morbidities described above, prevalence 1.8%). Over a 32 d period in 2008, 1283 individuals were trapped, of which 21 were sick (prevalence of 1.6%). Thirty of these frogs were recaptures from 2006. In 2009, over an 18 d period, 254 frogs were captured, of which 3 were sick (prevalence of 1.2%). Of these, 2 were individuals recaptured from 2006 and 3 from 2008. There was no significant difference in daily prevalence between all years sampled (p > 0.05; Fig. 3 Table 2 ). There was no significant difference between the numbers of diseased male or female frogs (p > 0.05), suggesting no apparent relationship between the gender of frogs and disease.
Amphibians other than Xenopus longipes found and sampled in and around Lake Oku are presented in Table 3 . Adult Phrynobatrachus cf. steindachneri and tadpoles of Astylosternus sp. were caught in the funnel traps within Lake Oku, while adult A. ranoides were observed in the surrounding forest. A range of post-metamorphic life stages of P. cf. steindachneri and P. werneri were observed in the forest surrounding the lake. None of these other species showed signs of disease, apart from a single P. cf. steindachneri (specimen no. 4572, Table 2 , Fig. 2d ), which was found in a fish pond at the forest−farm boundary (<1 km from the lake shore) with similar signs of limb necrosis to those seen in X. longipes. An additional P. cf. steindachneri observed near the lake had bleeding hind limbs, and was euthanased as above for further examination (specimen no. 174, Table 2 ).
Environmental parameters
Environmental parameters of Lake Oku are summarized in Table 4 . No significant differences were found amongst any of the 3 disparate study sites around the lake shore for most of the environmental parameters measured in 2008. The exceptions were: dissolved oxygen (O 2 ) (overall mean ± SD at 6.01 ± 0.87 ppm, 5.27 ppm at 1 particular site), conductivity (overall mean of 17.85 ± 4.17 µS, 21.5 µS at 1 site) and total dissolved solids (overall mean ± SD of 8.72 ± 2.27 ppm, 11.67 ppm at 1 site). These differences are small and are therefore not considered to have any biological importance.
We found a significant positive correlation between the number of sick frogs and the abundance of (Fig. 5) . In experimental mesocosms containing dead frogs, the concentration of ammonia from nitrogen increased significantly compared to the control (which did not change over the 12 h) from 0 to 0.25 ± 0.2 ppm (mean ± SD) (Fig. 6a) concentration, increasing from 0.81 ± 0.72 to 1.01 ± 0.28 ppm, compared to the control which also increased to 1.18 ± 0.32 ppm (Fig. 6b ). This suggests that frog mortality does not cause elevated phosphate levels, as opposed to the relationship with ammonia from nitrogen. To account for potential errors from multiple regression, Bonferroni corrections adjusted the significance threshold p-value to 0.0015. This re sulted in only the correlation between prevalence and phosphate including the outlier being signi ficant. There was no sign of forest clearance or agriculture around the edge of the lake to indicate that anthropogenic pollution would be an important factor.
Disease investigations
One of the 11 toe-clips (sample code XL 59) collected in 2006 showed signs of amplification on the PCR for ranavirus; however, the identity of the amplified DNA could not be confirmed via sequencing. The other 37 ethanol-fixed liver and skin samples collected in 2008 and 2009 were negative for the presence of ranavirus DNA based on diagnostic PCR, including the CARD gene. The numbers of each species skin-swabbed in 2008 and 2009 and tested for the presence of Bd infection are presented in Table 3 . None of the 87 Xenopus longipes sampled was positive for Bd using realtime PCR, although 31 other anurans sampled on Mount Oku were positive (Table 3 ; see DohertyBone et al. 2013) .
Gross post-mortem examination of 10 ethanolfixed Xenopus longipes collected in 2008 (specimen codes 4562, 4564, 4565, 4573, 4583, 5748, 5884, 5907, 5911, 5912; ) concentration in Lake Oku. Based upon 3 replicates of a mesocosm of water from Lake Oku containing 2 dead X. longipes (solid lines and square data points) and a control (grey dashed line with circles) without dead frogs. 0 h marks the beginning of the experiment, 12 h its conclusion skin using real-time PCR was negative for the presence of this pathogen. Histological examination of the necrotic or ulcerated areas and the surrounding tissues and of liver sections from these animals failed to identify evidence of pathogens or infectious disease.
DISCUSSION
The first impression upon seeing sick Xenopus longipes with skin sores and limb necrosis (Fig. 2) was that they were similar to the lesions caused by ranavirus (Cunningham et al. 1996 , Teacher et al. 2010 or Bd (Bovero et al. 2008 ) infection in other amphibian species. However, Bd was undetected in all X. longipes sampled (although it was present in sympatric anuran species), ranavirus was only detected in 1 diseased animal, and histological examination of tissue samples failed to detect evidence of ranaviral disease or chytridiomycosis. There was no evidence in subsequent sampling sessions of individual X. longipes having recovered from this disease, such as healed scarring on limbs.
Previously, 26 Xenopus longipes collected in 2006 (Blackburn et al. 2010) (Imasuen et al. 2011) and Gabon (Bell et al. 2011) . The role of this pathogen in the persistence of threatened amphibian populations in Cameroon and Africa in general remains uncertain (Doherty-Bone et al. 2013) , although the continued failure to detect Bd in X. longipes (n = 231 negative samples from 3 studies), despite sympatric infected anurans (including congener X. amieti, Table 3) suggests that this species is resistant to infection by this pathogen.
The positive correlation between Xenopus longipes abundance and the numbers of sick frogs is most likely an autocorrelation, where the probability of observing diseased animals is proportional to the probability of observing any individuals of that species. Abundance is also indicative of activity in X. longipes, with entry into traps being a function of frog activity. It may therefore be possible that disease incidence is density dependent, with greater numbers of frogs increasing the transmission rate of a disease agent, although evidence that the observed disease is infectious is still lacking. With the failure to consistently detect DNA of 2 known amphibian pathogens and with no evidence of infection with other, known pathogens on histopathological examination, physical causes of disease need to be considered.
The recorded nitrate concentration in Lake Oku is within the range known to be lethal to certain amphibians (6 North American, 2 European and 1 Australian species; Rouse et al. 1999 ). Whether or not this concentration of nitrate is unusually elevated for Lake Oku is not known; there was no correlation between nitrate levels and the numbers of sick frogs found. The experiment we conducted showed that the correlation between ammonia from nitrogen and sick frogs was likely explained by the decomposition of dead frogs, although the possibility of densitydependent excretion of ammonia by live frogs was not tested and this might have also contributed to ammonia from nitrogen. The cause of the significant positive correlation of phosphate concentration with prevalence of sick frogs is uncertain, but is shown not to be attributed to decomposition of dead frogs. While phosphate itself is typically not directly lethal to amphibians (Earl & Whiteman 2010) , phosphate concentration in aquatic habitats has been correlated with declining immunity and increased infection with parasites in an amphibian population (Lithobates pipiens in North America, Rohr et al. 2008) . Variation of exposure of Xenopus longipes to environmental conditions throughout the day is not known, but is likely to occur at least for temperature and should be investigated in future. In 1985, temperature (18.6°C) and dissolved oxygen (7.2 mg l −1 ) were measured at Lake Oku (Kling 1988) , neither of which differed significantly from our 2008 results. Lake Oku still has a thick belt of closed canopy forest surrounding its shore, with no cultivation occurring in the upper catchment. Inputs from agricultural run-off probably do not contribute to its nutrient levels at present, although livestock grazing on the summit of Mount Oku has increased in the past 3 decades (Maisels et al. 2000) . The forest surrounding Lake Oku has suffered from degradation for some time, due to the extinction of mammal species from overexploitation (Maisels et al. 2001 ) and incursions for livestock grazing and fuelwood collection (BirdLife International 2009, T. Doherty-Bone, R. K. Ndifon, O. N. Nyingchia pers. obs.). A road also passes through the forest above Lake Oku, with traffic increasing in recent years (T. Doherty-Bone pers. obs.), which might be a source of pollution. Despite this, there is still much intact forest (a belt > 500 m) between the road, grazed areas and Lake Oku. There is no known use of fertilizer in the Lake Oku catchment area (T. Doherty-Bone, R. K. Ndifon, O. N. Nyingchia pers. obs.). Baseline historical concentrations of phosphates and other nutrients in Lake Oku are not available to allow comparisons with the data presented here, so we are unable to ascertain any changes to these over time. This makes it difficult to investigate the apparent link between the prevalence of disease in Xenopus longipes and phosphate concentration in the lake. Continued monitoring of these nutrient levels and of disease incidence will help to assess whether this association is causative. If this is shown to be the case, it will be important to determine the source of phosphate in the lake. Blackburn et al. (2010) also investigated Xenopus longipes mortality at Lake Oku and similarly failed to identify a causative agent. They hypothesised that the disease was caused by irritation to the skin from sudden changes in the water chemistry of the lake, possibly due to limnic eruptions, i.e. when a large volume of gas (usually carbon dioxide) erupts to the surface of a lake. Such eruptions occurred in Lakes Nyos and Monoun in the same region of Cameroon as Lake Oku (Kling et al. 1987) . While no limnic eruptions have been recorded at Lake Oku, there are no settlements in the immediate area of the lake that would ensure detection and reporting. A frequency of wildlife morbidity and mortality caused by limnic eruptions would be expected to be the same as dieoffs shown by fish caused by lake overturn of poisonous gases in Lake Averno, Italy, typified by discrete incidences of dead and dying animals at intervals of 1 to 2 yr (Caliro et al. 2008) . The on-going nature of the frog morbidities and mortalities over several years, however, does not support limnic eruptions as a cause.
Other volcanic influences on Lake Oku should be considered as possible causes of the Xenopus longipes disease. We rule out inputs of lava or volcanic gas into the lake, following the same logic as Kling et al. (1987) that the temperature of the lake was far lower than would be expected, never exceeding 18.55°C. Other possible conditions of volcanic origin in the lake may have been undetected by this study; these include the continuous, chronic release of toxic stressors on the population of X. longipes, as is the case for cichlid fishes adapted to the caustic Lake Magadi, Kenya (Narahara et al. 1996) . The numbers of sick or dead frogs, however, did not vary significantly with either the level of dissolved carbon dioxide or the pH. Other parameters that could indicate volcanic activity, such as sulphate concentrations, should be measured in future to test this hypothesis. Sampling should also be conducted at different depths and extended to other sections of the lake to assess stratification of these parameters.
The morbidities described here and elsewhere were not recorded or published by researchers who worked at Lake Oku prior to 2006. This could be attributed to low sampling effort whereby morbid animals were not observed due to the collection of unrepresentative sample sizes. the type series for Xenopus longipes spent 2 d sampling the lake, encountering 58 individuals during 1 night's trapping with none observed incidentally (Loumont & Kobel 1991) . Similarly, an earlier expedition in 1984 spent 6 d camped above the shore of Lake Oku and captured 51 X. longipes by hand over 1 night (Gartshore 1986) , with no reports of sick frogs (M. E. Gartshore pers. comm.). Despite Lake Oku being an important component of the Oku and Kom tradition, discussions with members of these communities showed that they were not particularly aware of X. longipes in Lake Oku, making traditional local knowledge on this species unavailable. Out of 48 sampling days, 17 yielded no sick or dead frogs, even on days with over 100 animals captured (Table 1) . This suggests that previous, brief, surveys of Lake Oku may not have observed diseased frogs had they been present purely by chance.
Comparisons of mean daily prevalence of sick Xenopus longipes in 2006, 2008 and 2009 showed no significant difference, suggesting that the disease is endemic and not epidemic, contrary to the suggestions of Blackburn et al. (2010) . This does not, however, rule out the disease as being novel to X. longipes. That so many morbid and dead animals were observed suggests that the level of mortality could be significant at the population level. Such surges in observed numbers of carcasses of wild animals often are indicative of an unusual mortality event, where predators and scavengers have been overwhelmed in consuming these carcasses (Wobeser & Wobeser 1992 ). This has held true for other amphibian mortalities, such as die-offs of yellowlegged frogs Rana muscosa and Yosemite toads Bufo canorus in California, USA (Bradford 1991 , Green & Sherman 2001 , and incidents of common frog R. temporaria mortality in England (Cunningham et al. 1996 , Teacher et al. 2010 .
Assessing the consequences of these morbidities and mortalities to the population viability of Xenopus longipes is now a priority: the biology of the species, being montane, having a restricted range and an aquatic lifestage, fits with the ecological profile of species suffering serious declines in the near past . As sampling took place in disparate seasons using different methods (dip net versus trapping), it was not possible to assess changes in abundance that would control for seasonal fluctuations. Obtaining data on seasonal variation in abundance of X. longipes would be useful in contextualising the present data set for future comparisons for this population. We have yet to determine whether a decline has occurred based on between-year markrecapture analyses, although preliminary results show that marked, healthy individuals of X. longipes have survived since 2006, with frogs from 2008 surviving to 2009. In each case, however, the number of recaptured animals has been small, explained either by dilution into the large (though vulnerable) population, avoidance of sample sites, mortality of marked animals or all factors combined. A continuation of this capture-mark-recapture study is required to provide robust estimates of survival rates. Use of less invasive and reliable techniques to mark animals is recommended, particularly as the dermo-jet injector is too blunt a tool to note multiple recaptures for X.
longipes. Toe-clipping on the hind foot has already been exhausted as a marking technique, with clipping of digits on the front-limbs not an option due to likely interference with feeding and mating activities (Grafe et al. 2011) .
By surveying the lake on multiple occasions, it was possible to observe a continued and almost stable occurrence of disease in the frog population. We also showed the disease to be present at multiple sites around the lake and not localised at any particular point. Through measuring abundance and capture effort, baseline data for population monitoring has been obtained for Xenopus longipes, so future trends in abundance for this Critically Endangered species can be monitored. Previous observations for X. longipes have rarely noted capture effort, making it impossible to assess changes in abundance over time. Our assessment of disease incidence between years, and which was found neither to increase nor decrease significantly between 3 field seasons, also provides data against which future observations can be compared. Also, we found signs of similar disease to that in X. longipes affecting Phrynobatrachus cf. steindachneri in the immediate area around Lake Oku.
Despite our investigations, the causes and impacts of the Xenopus longipes disease remain unclear. Similar findings were made by Blackburn et al. (2010) , who reported mortalities of X. longipes in 2006 independently of our study. Further pathological investigations and further work to determine the biology and ecology of X. longipes are required to enable a better understanding of the future prospects for this Critically Endangered amphibian. 
